Gene-detecting methods using a DNA-fixed substrate are important in biotechnology and related fields. DNA microarray or DNA chip based on a DNA-immobilized substrate have been developed to enable a high-throughput analysis of many genes simultaneously. [1] [2] [3] [4] [5] [6] [7] [8] [9] Many kinds of DNA fragments, called a capture DNA probe, are immobilized on the substrate of a DNA microarray or DNA chip. A proper DNA fragment in a sample can hybridize with the complementary capture DNA probe on the substrate, and its hybrid can be detected by the combination of DNA detecting reagents. Such a system has been applied to a study of gene expression and mutation analysis including single nucleotide polymorphism (SNP) analysis.
Many kinds of DNA fragments, called a capture DNA probe, are immobilized on the substrate of a DNA microarray or DNA chip. A proper DNA fragment in a sample can hybridize with the complementary capture DNA probe on the substrate, and its hybrid can be detected by the combination of DNA detecting reagents. Such a system has been applied to a study of gene expression and mutation analysis including single nucleotide polymorphism (SNP) analysis. [1] [2] [3] [6] [7] [8] [9] A goldcovered substrate, having conductivity sufficient for electrochemical DNA detection, is also a good candidate for a DNA chip of the next generation from the viewpoint of developing a simple, quick, and miniaturized detection system and in fact, many papers have dealt with this subject. [10] [11] [12] [13] [14] [15] To construct such a system, it is important to develop a reproducible method to immobilize a capture DNA probe on the gold surface, and many kinds of immobilization methods have been reported. [16] [17] [18] [19] [20] [21] [22] An immobilization method through the Au-S linkage is one of the conventional methods. It is known that thiolated DNA can bind to a gold surface, and detailed studies, such as an estimation of the density of DNA immobilization, were carried out. [16] [17] [18] [19] In addition to the direct immobilization of thiolated DNA on a gold surface, many kinds of indirect immobilization methods were reported.
Self-assembly monolayers (SAMs) were prepared by an alkanethiol carrying a functional group at the opposite terminus, and DNA was covalently attached through it; for example, DNA carrying an amino terminus can be attached to carboxylic acid-terminated SAMs using a condensation reagent or active ester derivatives. 20, 21 Recently, Childsey et al. reported a novel immobilization method for acetylated DNA on a SAM surface having an azide group. 22 Such a SAM system can avoid nonspecific absorption by introducing an additional hydroxyl alkanethiol, such as 6-mercaptohexanol (6MH). An immobilization method based on biotin-avidin interaction, where biotinyl DNA was immobilized on an avidin-covered gold electrode, was also reported. 23, 24 Although many of these DNA-immobilization methods are based on a SAM system, all of them require some sort of chemical modification of DNA, resulting in a time-consuming procedure with a low modification yield of DNA.
In this paper, we developed a simple DNA-immobilization method for intact DNA, as shown in Fig. 1 . We designed and synthesized compound 1 carrying a dithiolane and carbodiimide part at its termini. Ditholane derivatives are known to be immobilized on a gold surface through the Au-S linkage, 25, 26 and have been applied to immobilize DNA or protein on a gold surface. 27 Carbodiimide derivatives are known to react with the imino moiety of a thymine or guanine base of single-stranded DNA under basic conditions. [28] [29] [30] Therefore, mixed SAMs of 1 and 6MH are expected to form a carbodiimide-covered surface, which can react with intact single-stranded DNA. In this paper, mixed SAMs were characterized before and after a treatment with intact DNAs by Fourier transform infrared reflection-absorption spectroscopy (FT-IR RAS) and electrochemical measurements. Furthermore, electrochemical DNA detection was attempted with mixed SAMs after a reaction with a DNA probe.
tert-Butoxy 6-aminohexylcarbamate (2) . A solution of S-tertbutyloxycarbonyl-4,6-dimethyl-2-mercaptopyrimidine (7.4 g, 31 mmol) in 1,4-dioxane (10 ml) was slowly dropped to 1,4-dioxane (70 ml) containing 1,6-diaminohexane (6.6 g, 56 mmol) over 10 h at room temperature and stirred for 20 h. After separation of a yellow solid by filtration, the filtrate was concentrated to ca. 30 ml and mixed with 40 ml of MilliQ water. After removing the white precipitate formed by filtration, solid NaCl was added to saturation. Precipitates and undissolved NaCl were filtered off and the filtrate was extracted with ethyl acetate (30 ml × 4). The organic layer was separated, collected and dried over magnesium sulfate. After filtration, the solvent was removed and the residue was dried under reduced pressure to give 2 as a white solid (4.1 g, 34% yield).
1 H-NMR (250 MHz, CDCl3) δ = 1.32 (4H, m, C2H4C2H4C2H4), 1.44 (13H, m, C(CH3)3, CONHCH2CH2, CH2CH2NH2), 2.67 (2H, t, CH2NH2), and 3.11 (2H, q, CONHCH2) ppm. tert-Butoxy [6-(3-ethylureido) hexyl]carbamate (3) . Compound 2 (4.1 g, 19 mmol) was dissolved in dry diethyl ether (10 ml) and ethyl isocyanate (2.5 g, 35 mmol) in dry diethyl ether (10 ml) was dropped slowly into this solution with stirring at 0˚C, and was subsequently stirred at room temperature for 3 h. When the reaction was completed, as judged by ninhydrin test, diethyl ether was evaporated under reduced pressure. A remaining pale-yellow oily material was dried under reduced pressure to yield 3 (3.9 g, 71% yield). 
Experimental

Chemicals
The reagents used for the synthesis of carbodiimide derivative 1 were as follows: 1,6-diaminohexane, S-tert-butyloxycarbonyl-4,6-dimethyl-2-mercaptopyrimidine, ethyl isocyanate, lipoic acid (thioctic acid), 1H-benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), 1-hydroxybenzotriazole (HOBt), and p-toluene sulfonyl chloride (TsCl) were purchased from Tokyo Kasei Co. (Tokyo, Japan). HCl/1,4-dioxane was purchased from Watanabe Chemical Inc. (Hiroshima, Japan). Solvents were purchased from Wako Chemicals Inc. (Osaka, Japan). Oligonucleotides were customsynthesized by Genenet Co. (Fukuoka, Japan) and their sequences are listed in Table 1 . ODN3(+) was derived from a unique sequence representing part of exon 5 of the lipoprotein lipase (LPL) wild-type gene 31 and also ODN3(-) has its complementary sequence.
Poly(dT), poly(dA), and poly(dA)poly(dT) were purchased from Sigma-Aldrich Inc. (St. Louis, MO). The concentration unit used for poly(dT) and poly(dA) was M-b (M per base), and those for poly(dA)poly(dT) and oligonucleotides were M-bp (M per base pair) and M-sd (M per strand), respectively. MilliQ water was used throughout (Millipore Inc., Billerica, MA). Buffers were prepared from the following reagents purchased from Wako: boric acid, potassium acetate, sodium hydroxide, and triethylamine, acetic acid. Hybridization buffer 2 × SSC was used after dilution of 20 × SSC (0.3 M sodium citrate containing 3 M NaCl, Wako). A reaction buffer was used after the dilution of 50 mM borate buffer (pH 9.0).
Buffer for a spectrophotometric or electrochemical measurement was used after dilution of 0.2 M CH3CO2H/CH3CO2K (AcOH/AcOK) (pH 5.6) and 0.1 M triethylammonium actate (TEAA) buffer (pH 7.0) was used as an eluent in high-performance liquid chromatography (HPLC).
Synthesis of 1
Carbodiimide derivative 1 was synthesized according to the route of Scheme 1. 
collected by filtration and dried under reduced pressure to give 4 as a gum-like yellow solid. The solid (1.7 g, 7.6 mmol) was dissolved in DMF (20 ml) containing TEA (2.8 ml, 20 mmol) and PyBOP (5.2 g, 10 mmol), HOBt (1.4 g, 10 mmol), and thioctic acid (1.9 g, 9.0 mmol) and stirred at room temperature for 18 h. After evaporation of the solvent, the residue was taken up in CHCl3 (100 ml), which was then washed with saturated NaHCO3 (50 ml × 3), 10% citrate acid (50 ml × 2), and MilliQ water (50 ml × 1) in this order. After evaporation of the solvent, the residue was separated by column chromatography (CHCl3/CH3OH = 95/5) and the fraction of Rf = 0.20 was collected to give 4 as a pale-yellow solid (1.1 g, 40% yield (1) . Compound 4 (1.7 g, 4.5 mmol) was added to a solution of CHCl3 (15 ml) containing TEA (1.9 ml, 14 mmol) and stirred at -25˚C for 15 min under a nitrogen atmosphere and CHCl3 (10 ml) containing TsCl (1.7 g, 9.0 mmol) was added slowly. After evaporation of the solvent under reduced pressure, a yellow oily product was obtained which was purified by column chromatography with CHCl3/TEA = 95/5 as an eluent. Fractions of Rf = 0.58 were collected and dried under reduced pressure to give 1 as a pale yellow oily product (0.74 g, 46% yield). 
Reaction of 1 with an oligonucleotide and identification of its adduct
A mixture of 20 µl of 20 mM borate buffer (pH 9.0) containing 1 mM ODN1 (Table 1 ) and 20 µl of DMSO containing 100 mM carbodiimide derivative 1 was vortexed for 8 h. It was then applied to a NAP10 column and eluted with 0.1 M TEAA buffer (pH 7.0). Oligonucleotide fractions were collected and analyzed by MALDI TOF MS.
Preparation of the carbodiimide-coated SAMs from 1 and 6MH
A gold-covered glass slide (25.4 × 76.2 × 1.4 mm) was pretreated with a Piranha solution (7:3 = conc. H2SO4:30% H2O2, CAUTION.
Because the Piranha solution reacts violently, even explosively, with organic materials, it should not be sorted or combined with significant quantities of organic material) for 10 min and washed with MilliQ water. This surface was washed with 12 N HCl for 1 min, MilliQ water, and methanol in this order, and then dipped in 10 ml of a methanol solution containing [1] /[6MH] = 2/0, 1/1, 0.2/1.8, 0.02/1.98, or 0/2 mM/mM for 1, 6, 12, or 24 h. After washing with methanol, the surface was dried by blowing N2 gas and FT-IR RAS measured to examine its surface.
Reaction of the carbodiimide-coated SAMs of 1 with DNA
One milliliter of borate buffer (pH 9.0) containing 1 mM-b poly(dA), 1 mM-b poly(dT), or 1 mM-bp poly(dA)poly(dT) was added on the surface of the carbodiimide-coated or the carbodiimide-covered SAMs and kept for 6 h at room temperature. After washing this surface with MilliQ water and drying by blowing with nitrogen gas, the surface was examined by FT-IR RAS.
Preparation of the carbodiimide-coated SAMs on the gold electrode and their reaction with DNA
A gold electrode (diameter 1.6 mm; area 2.0 mm 2 ) was polished with a diamond slurry (6 µm, 1 µm) and alumina slurry (0.
Hybridization of a DNA probe-immobilized electrode with sample DNA
One microliter of 1 mM-b poly(dA) or 1 mM-sd ODN3(-) was placed on an electrode coated with carbodiimide-covered SAMs and kept for 6 h, and then treated in a manner similar to that described above. One microliter of various amounts of DNA sample of poly(dT), ODN3(+), or poly(dA) was placed on the electrode and kept for 3 h at 20˚C to achieve the hybridization reaction. This electrode was dipped in an electrolyte containing 0.05 mM FND, and DPV measured at 20˚C.
HPLC purification
The complex of 1 and ODN1 was purified by HPLC composed of the following components: Hitachi C-7300 column oven, L-7450H diode array detector, L-7100 pump and D-7000 interface chromatograph. Reversed-phase HPLC was run using a Lichrospher RP-18 column (Cica-Merck, Kanto Chemicals Co., Tokyo, Japan) with a gradient, where the acetonitrile content in 100 mM TEAA buffer (pH 7.0) was linearly changed from 10 -40% over 30 min at a flow rate of 1.0 ml/min with detection at 260 nm.
MALDI-TOF MS analysis
ODN1 modified with 1 was characterized by matrix-assisted laser desorption ionization time-of-flight mode mass spectrometry (MALDI TOF MS, Voyager TM Linear-SA, PerSeptive Biosystems Inc., Foster city, CA) measurements of the product isolated by HPLC. It was desalted by Dowex 50WX8 cation exchange resin and dissolved in a solution of 50 mg/ml 3HPA (3-hydroxy picolinic acid) in 0.1% TFA/50% CH3CN and dried. Mass spectra were measured by the negative mode.
FT-IR RAS measurement
FT-IR RAS was measured on a Perkin Elmer Spectrum One FT-IR spectrometer equipped with a Refractor 2 TM (Harrick Scientific Inc., Pleasantville, NY) with a single Brewster's angle silicon polarizer plate (grazing angle, 75˚) and a liquid nitrogen-cooled mercury cadmium telluride detector (Perkin Elmer). Spectra were taken by accumulating approximately 1024 scans at a resolution of 2 cm -1 , and were referenced to the spectrum of a bare gold substrate. All measurements were carried out at room temperature under dry air.
Electrochemical measurements
An electrochemical measurement was carried out on an ALS 351 ANALYTICAL SCIENCES MARCH 2006, VOL. 22 electrochemical analyzer Model 900 (CH Instrument Inc., Austin, TX). The DPV method was used in experiments for DNA-fixed electrodes before and after hybridization with an amplitude of 50 mV, an applied potential of 20 mV, and a pulse period of 0.2 s. The electrolyte used was 20 mM AcOH/AcOK buffer (pH 5.6) containing 100 mM KCl and 0.05 mM FND. The cell was furnished with three electrodes of Ag/AgCl as a reference electrode, Pt wire as a counter electrode, and a DNAfixed electrode as a working electrode. All measurements were conducted at 20˚C.
Results and Discussion
Synthesis of 1 and its reaction with oligonucleotides
Compound 1 carrying dithiolane and carbodiimide moieties at either terminus was designed and synthesized according to Scheme 1 as a SAM reagent to link intact DNA with a gold electrode. Compound 1 was identified by the presence of absorption at 2130 cm -1 in FT-IR assignable to the carbodiimide function. The carbodiimide group of 1 was unstable and easily hydrolyzed under acidic conditions around pH 5 as well as under basic conditions over pH 10. Nevertheless, 1 was stable in borate buffer (pH 8.5 -9.5), and could react with DNA. This result is in agreement with the data previously described by Brown et al. 29 The reactivity of 1 with oligonucleotide ODN1 was estimated by HPLC, followed by MALDI TOF MS. Figure  2 shows a peak at m/z = 3441.2, which is assigned to a 1:1 adduct of 1 with ODN1. In the case of ODN2 having only adenine, no peak that could be assigned to an adduct of 1 was observed by HPLC. These results show that 1 can react with only with the thymine base of oligonucleotides.
Characterization of the surface of carbodiimide-coated SAMs
The surface of mixed SAMs between 1 and 6MH was studied by FT-IR RAS. Since 6MH is known to protect mixed SAMs of thiolated oligonucleotides from a non-specific interaction, 32 
DNA immobilization on carbodiimide-coated SAMs
The carbodiimide-coated SAMs were prepared by treating at different ratios of [1] /[6MH] of 1/0, 1/1, 1/9, 1/99, or 0/1 mM/mM and subsequently washing with methanol. A solution containing 1 mM-b poly(dA), 1 mM-b poly(dT), or 1 mM-bp poly(dA)poly(dT) was dipped on the surface of 1/6MH-covered SAM thus prepared. After washing with MilliQ water and drying by blowing with nitrogen gas, FT-IR RAS was measured. Figure 4 shows the FT-IR RAS spectrum at [1] /[6MH] = 1/1 mM/mM. When poly(dT) was used, similar absorption bands were observed around 1660 cm -1 and 1050 cm -1 , as shown in Fig. 4A . These peaks can be assigned to the imino moiety of thymine base and phosphodiester of poly(dT), respectively. This spectrum is similar to those of a DNAimmobilized gold surface described previously. 17, 20 By contrast, absorption bands assignable to DNAs were not observed in the reaction with poly(dA) and poly(dA)poly(dT) (Figs. 4B and C). These results suggested that the carbodiimide of the mixed SAMs can react with thymine bases of DNA not involved in hydrogen bonding, an observation in agreement with the results previously described. 29 Absorption peaks of poly(dT) were not observed after the immobilization of poly(dT) with mixed SAMs prepared at the following ratios of [1] /[6MH] = 1/9, 1/99, and 0/1 mM/mM (data not shown). In the case of the SAMs of 1 ([1]/[6MH] = 1/0 mM/mM), small absorption peaks assignable to DNA were observed for all of the DNAs tested (data not shown). This may have derived from non-specific absorption of DNA on the SAM surface carrying a higher density of carbodiimide. In summary, a mixed SAM surface prepared with 1 mM 1 and 1 mM 6MH in methanol can easily react and immobilize intact DNA carrying non-hydrogenbonding thymine moieties.
Immobilization of DNA on the carbodiimide-coated SAM electrode
The immobilization ability of the carbodiimide-coated SAMs for DNA was evaluated by DPV. Carbodiimide-covered SAMs on the gold electrode were prepared by immersing 1 mM 1 and 1 mM 6MH in methanol for 12 h at room temperature, as described above. Three types of DNAs (1 mM-b poly(dT), 1 mM-b poly(dA), and 1 mM-bp poly(dA)poly(dT)) were placed on this electrode and DPV was measured in an electrolyte containing FND after standing for a proper period of time. FND could be concentrated in the DNA on the gold electrode and could generate a reversible redox current at Ep = 0.40 V from the ferrocene moiety of FND. 15, 33, 34 A current peak of 0.55 µA was observed at 0.40 V after treating with poly(dT), whereas a current peak of 0.15 -0.20 µA was observed with poly(dA) or poly(dA)poly(d)T (Fig. 5 ). Since a current of 0.15 µA was observed even before treating with DNA, the current in the case of poly(dA) or poly(dA)poly(dT) might result from the diffusion current of FND in solution. This background current is smaller than that in the case of the immobilization of a thiolated oligonucleotide on the gold electrode, 15 in other words, the background current was suppressed in this system. Figure 6 shows the relationship between the peak current corresponding to the io value described below and the immobilization time of DNA on the carbodiimide-covered SAM electrode at [1] /[6MH] = 1/1 or 1/0 mM/mM. The peak current increased with an increase in time with poly(dT), and reached a plateau in 8 h, but declined thereafter to 12 h (Fig. 6 ). This may be derived from the desorption of DNA from the electrode, which is in agreement with the fact that carbodiimide-DNA complexes slowly undergo decomposition under alkaline conditions, as described by Brown et al. 29 On the other hand, the peak current did not increase in the case of poly(dA), though a small peak current was observed.
DNA hybridization with carbodiimide-coated SAMs after treating with a DNA probe
A carbodiimide-covered electrode was prepared by treating 1 mM 1 and 1 mM 6MH in methanol for 12 h at room temperature. This electrode was immersed in 1 mM-b poly(dT) in borate buffer (pH 9.0) for 6 h at room temperature to obtain a poly(dT)-immobilized electrode. A solution carrying various concentrations of poly(dA) or poly(dT) in 2 × SSC was then allowed to hybridize on this electrode for 3 h at 20˚C. The current peak was observed at 0.40 V (Fig. 7A ) and its intensity increased with an increase in the concentration of poly(dA), whereas no increasing current peak was observed in the case of poly(dT). This increasing current response should have resulted from the FND concentrated on the electrode, and showed that poly(dA) can hybridize with poly(dT)-immobilized on the electrode to form a duplex. The increased peak current was normalized by (i -io)/io × 100 (%), where io and i refer to the current intensity at 0.40 V before and after hybridization, respectively. 33, 34 In summary, the carbodiimide-coved electrode can immobilize intact DNA and can be used for electrochemical DNA hybridization assay using FND.
ODN3(-), a 30-meric oligonucleotide, was also tested in this system. A carbodiimide-coated electrode was treated with 1 mM-sd ODN3(-) in 10 mM borate buffer (pH 9.0) for 6 h, and a hybridization reaction was carried out in 2 × SSC for 3 h at 20˚C. An increased DPV curve based on FND was observed after hybridization with ODN3(+), as shown in Fig. 7B and this current increase was proportional to the concentration of ODN3(+). This result shows that this system can be applied to the immobilization of not only natural DNA fragments, but also synthetic oligonucleotide. The amount of DNA-immobilized on the electrode can be estimated from the peak current of FND. Thus, the amount of thiolated DNA on the electrode was estimated from the FNDbased electrochemistry or quartz-crystal microbalance measurements. 34 The obtained results show that a current response of 1.5 µA corresponds to 0.2 -0.3 pmol/mm 2 or 1.2 -1.8 × 10 13 molecules/cm 2 for 20-meric DNA.
The amount of poly(dT) immobilized was estimated to be 1.7 -2.5 × 10 10 molecules/cm 2 using the above value and the average length of ca. 4000-meric poly(dT). Likewise, the amount of 30-meric ODN3(-) was estimated to be 3.6 -5.4 × 10 12 molecules/cm 2 . According to previous reports, DNA can be immobilized to the density of a 1.0 × 10 12 -10 14 molecules/cm 2 (treatment of thiolated DNA on a bare gold surface), [16] [17] [18] [19] 1.0 -4.0 × 10 12 molecules/cm 2 (reaction of 5′-aminated DNA with the surface of active ester-covered SAMs), 20 and 1.0 -4.0 × 10 12 molecules/cm 2 (reaction of acetylated DNA with the surface of azide-covered SAMs). 22 The amount estimated for 30 meric ODN3(-) is in agreement with those literature values. The 100-times smaller amount of immobilization observed for poly(dT) may also be reasonable, given that its size is an order of magnitude larger than that of the oligonucleotides. 35 Since this system gave a current response similar to that for electrodes prepared with thiolated DNA on a bare gold electrode, 15, 34 the efficiency of the hybridization reaction seems to be similar to that of the previous method. Thus, the identical current peak was observed for 1 µl of 0.1 µM ODN3(-) in this system, too, attaining a detection limit of sub pico mole.
Conclusion
We succeeded in designing and synthesizing carbodiimide derivative 1, having a dithiolane moiety. Intact DNA could be immobilized through the covalent bond by a reaction of the carbodiimide with the imino moiety of the thymine base in DNA. The immobilization efficiency of oligonucleotides was similar to that previously reported. It is noteworthy that longlength DNA fragments, such as poly(dT), were also successfully immobilized on the surface of SAMs in this system. As small as a sub pico mole of target DNA can be detected quantitatively from the electrochemical signal of FND or by FND-based electrochemical hybridization assay.
